ABSTRACT Mucosal and skin tissues form barriers to infection by most bacterial pathogens. Staphylococcus aureus causes diseases across these barriers in part dependent on the proinflammatory properties of superantigens. We showed, through use of a CRISPR-Cas9 CD40 knockout, that the superantigens toxic shock syndrome toxin 1 (TSST-1) and staphylococcal enterotoxins (SEs) B and C stimulated chemokine production from human vaginal epithelial cells (HVECs) through human CD40. This response was enhanced by addition of antibodies against CD40 through an unknown mechanism. TSST-1 was better able to stimulate chemokine (IL-8 and MIP-3␣) production by HVECs than SEB and SEC, suggesting this is the reason for TSST-1's exclusive association with menstrual TSS. A mutant of TSST-1, K121A, caused TSS in a rabbit model when administered vaginally but not intravenously, emphasizing the importance of the local vaginal environment. Collectively, our data suggested that superantigens facilitate infections by disruption of mucosal barriers through their binding to CD40, with subsequent expression of chemokines. The chemokines facilitate TSS and possibly other epithelial conditions after attraction of the adaptive immune system to the local environment.
SEs cause food poisoning and emesis) (1) (2) (3) . However, all SAgs share the properties of binding to the variable component of the ␤-chain of T cell receptors (V␤-TCRs) and the ␣-and/or ␤-chains of major histocompatibility complex (MHC) II molecules (1, 2, 4) . The result of these interactions is massive T lymphocyte activation and proliferation plus activation of macrophages to produce proinflammatory cytokines, including but not limited to tumor necrosis factors ␣ and ␤, interleukin-1␤, interleukin-2, and gamma interferon (1, 2, 5) .
While the interactions of SAgs with V␤-TCRs and MHC II have been extensively studied, other receptors for SAgs have been proposed but remain relatively unstudied. For example, there is a dodecapeptide region, relatively highly conserved in SAgs, that has been proposed to bind to alternative receptors on immune cells (CD28), epithelial cells (possibly CD40), keratinocytes, and adipocytes (gp130) (6) (7) (8) (9) (10) (11) (12) (13) . Minor changes in the amino acid sequence of the dodecapeptide region may explain the greater mucosal penetration of TSST-1 than of other SAgs (1, 11) .
The majority of S. aureus infections are initiated from mucosal surfaces, where epithelial cells dominate those barriers. It is well known that TSST-1 causes 100% of menstrual TSS, and in the vast majority of instances the causative USA200 strain of S. aureus remains on the mucosal surfaces (1, 14, 15) . Nonmenstrual staphylococcal TSS primarily is caused by TSST-1 (50%) and SEs B and C (50%) (1-3); SEB and SEC are 75% identical and have nearly identical contact amino acid residues with V␤-TCRs and MHC II molecules (1, 2, 16, 17) . Our prior studies suggest that epithelial cells may be important in initiation of harmful inflammatory responses to disrupt the mucosal barrier and facilitate onset of TSS (18) (19) (20) (21) .
We previously showed that highly purified TSST-1 interacts with isolated human vaginal epithelial cells (HVECs) to upregulate over 500 genes (18) . These cells have important typical characteristics, including that they lack Toll-like receptor-4 (TLR4) and thus are not responsive to lipopolysaccharide (LPS); the cells do have TLR2/6 on their surfaces. As expected, the HVEC line also forms partial tight junctions, with barrier function dependent on layers of cells and lipid vesicles (18, 22, 23) . HVECs also characteristically lack MHC II molecules, but they can be stimulated with gamma interferon to upregulate MHC II expression. Although constitutively present on the surface of HVECs, when treated with TSST-1, one of the upregulated genes in HVECs encodes CD40 (18) . CD40 can be expressed by a variety of cell types, but it is particularly important for the normal activation of the antigen-presenting cells of the immune system, such as B cells, macrophages, and dendritic cells. CD40 exists as either monomers or preformed trimers that assemble to form a complex that interacts with the CD40 ligand, CD154, found on activated CD4 T cells and platelets (24) . However, the role of CD40 on HVECs, if any, in inflammation or adaptive immune responses to SAgs remains unknown.
We have recently shown that humans with diabetes mellitus type II have large numbers of S. aureus organisms on their surfaces (9) . These strains produce significant amounts of the SAgs TSST-1, SEB, and SEC (9) . We have used the amounts of SAgs found on human surfaces to produce diabetes mellitus II in a rabbit model in which the SAg is applied in subcutaneously implanted miniosmotic pumps (9) . We hypothesized that the SAgs may be interacting with multiple human cells in a way similar to HVECs to facilitate chronic inflammation with consequent development of diabetes mellitus II.
The goal of this study was to characterize more fully the role of S. aureus SAgs in stimulating HVECs as representative of mucosal epithelial cells, focusing on the role of CD40 in this interaction. We hypothesized that SAg interaction with CD40 on such cells is beneficial to the pathogen through signaling by induced chemokines to disrupt the mechanical barriers and facilitating inflammatory responses and TSS.
RESULTS
Prior research suggests that many pathogens cause human diseases across mucosal surfaces at least in part through induction of chemokine (for example, IL-8 and MIP-3␣) production by epithelial cells, such as human vaginal epithelial cells (HVECs) (20, 25, 26) .
TSST-1 induces chemokine production at these barriers, thereby recruiting innate and adaptive immune cells, some of which participate in barrier disruption through inflammation (18, 20, 22, 23) . Subsequently, there is massive activation of CD4 T cells and macrophages to cause a cytokine storm that we see as TSS (1) . We initiated studies to assess the local vaginal mucosal environment in production of TSS and possibly other conditions. Shared dodecapeptide region of superantigens (SAgs). Multiple studies suggest that a shared dodecapeptide region of SAgs contributes to biological activities, notably epithelial barrier penetration and immune cell activation (1, 6, 7, 19) . Figure 1A shows the three-dimensional structure of TSST-1, with an important amino acid residue of the TSST-1 dodecapeptide highlighted (Lys 121, magenta). The figure also shows two key amino acids (Gly 31 and Ser 32, yellow) in the MHC II binding domain and His 135 and Gln 136 (cyan) in the V␤2-TCR binding domain. The single-amino-acid designations for the entire dodecapeptide region of TSST-1, SEB, and SEC are shown in Fig. 1B . The dodecapeptide region of TSST-1 has the greatest divergence from this same structural region in other SAgs. It has been hypothesized that this divergence accounts for TSST-1's greater penetration of the vaginal mucosal barrier compared to other SAgs and thus unique association with menstrual TSS (8, 11, 12) . While studying this 12-amino-acid region of TSST-1, we tested various single amino acid changes through alanine scanning for altered ability to cause TSS in rabbits using two models, one intravenous (i.v.) (systemic) and one intravaginal (local). One mutant was distinct from the others, that of K121A, where the Lys at position 121 was changed to Ala. K121 is partially surface exposed in TSST-1 (Fig. 1A) . Upon i.v. (systemic) or vaginal (local) administration, wild-type TSST-1 (10 g/kg of body weight) was 100% lethal by 48 h postinjection (Fig. 2) in the two TSS models, with 6/6 animals succumbing in both groups. However, at two separate doses (10 g/kg and 20 g/kg), the K121A TSST-1 mutant was not lethal when administered i.v. (systemically), with 0/6 animals succumbing in each group. Surprisingly, the K121A mutant was lethal when administered to rabbits intravaginally. These data, while at first difficult to understand, suggest that the K121A TSST-1 mutant, as administered intravaginally (locally), had the ability to interact with a host cell receptor in the vagina, facilitating submucosal TSST-1 transit and 
SAgs cause production of proinflammatory chemokines from human vaginal epithelial cells (HVECs).
The most likely first cell types encountered by TSST-1, as secreted by S. aureus colonizing the vaginal surface, are epithelial cells. A dose-response study was thus performed with use of TSST-1, SEB, or SEC to assess chemokine (IL-8 and MIP-3␣) production by HVECs (Fig. 3) . TSST-1 induced significant production of both chemokines from 1 to 200 g/ml. In contrast, SEs B and C induced chemokines at SAg concentrations of 10 to 200 g/ml. At 100 and 200 g/ml, there was no significant difference in chemokine induction by all three SAgs. Overall, TSST-1 was 10 to 50 times more active in inducing chemokine production by HVECs.
In all following studies, we most often used SAgs at 100 g/ml since this dose reliably caused significant chemokine production by all three SAgs. We have shown in prior studies that S. aureus strains have the ability to secrete up to 16,000 to 20,000 g/ml of TSST-1, SEB, and SEC in biofilm cultures as would be expected on the vaginal mucosa with tampon use (27) . Thus, the 100-g/ml dose chosen for further studies was physiologic. Additionally, for the majority of studies we assumed that SEB and SEC would function similarly because of their highly shared structures; we thus used TSST-1 and SEB for subsequent assays.
SAgs plus antibodies against CD40 show enhanced chemokine production. Our prior human microarray studies demonstrate that, among other molecules, expression of CD40 is upregulated in response to TSST-1 challenge. TSST-1 binds to CD40 with a K d of 2.7 ϫ 10 Ϫ6 M (28). We were previously unable to demonstrate SEB or SEC binding to CD40, possibly because of low or no affinity of these two SAgs for the molecule. Our studies showed that nonstimulated HVECs have CD40 on their surfaces (Fig. 4A) .
We thus tested whether or not antibodies against CD40 would block SAg stimulation of HVECs to produce chemokines. Surprisingly, stimulation of HVECs individually with the two tested SAgs (TSST-1 and SEB) caused enhanced chemokine production in the presence of the antibodies (Fig. 5 and 6 ) compared to SAg alone. At matched doses of 10 g of TSST-1 and SEB (Fig. 5) , TSST-1 led to greater IL-8 production by HVECs than did SEB, and the enhanced response was correspondingly greater in the presence of the antibodies against CD40. However, at 100 g SEB caused similar IL-8 production as 10 g of TSST-1 (compare Fig. 5 and 6 ), and the antibodies led to more significant enhancement of IL-8 production (Fig. 6 ). These data suggested that either the two SAgs were binding to different receptors than the antibodies or the SAgs and antibodies were binding to different parts of CD40.
CRISPR-Cas9 knockout of CD40 on HVECs eliminates production of chemokines induced by SAgs and SAgs plus antibodies against CD40. We used CRISPR-Cas9 to knock out CD40 on HVECs. Figure 4 shows flow cytometry after immunofluorescent staining for CD40 versus isotype control of native HVECs (Fig. 4A) , HVECs with CD40 knocked out (Fig. 4B) , and HVECs with CD40 complemented on a plasmid (Fig. 4C) .
We then tested TSST-1 ( Fig. 7) and SEB ( Fig. 6 ) for ability to stimulate chemokine (IL-8) production by HVEC types, native HVECs (both TSST-1 and SEB), HVECs lacking CD40 (both TSST-1 and SEB), and CD40-complemented HVECs (TSST-1). As expected, TSST-1 and SEB stimulated IL-8 production by HVECs, and this response was enhanced in the presence of antibodies against CD40. Both responses (SAg alone and SAg plus antibodies) were completely inhibited in CD40-knockout HVECs. The chemokine response was restored when tested, using TSST-1, on the CD40-complemented HVECs. Collectively, these data make 2 major points: (i) SAgs bound to CD40 to stimulate chemokine production by HVECs, with TSST-1 interacting with greater affinity than SEB or SEC, and (ii) both SAgs and antibodies against CD40 bound to different regions of CD40 to cause amplified chemokine production.
Wild-type and K121A TSST-1 molecules cause comparable production of IL-8 from HVECs. Because the K121A mutant retained full ability to cause TSS as applied intravaginally in rabbits, we expected the mutant would retain the ability to stimulate chemokine production from HVECs comparably to wild-type TSST-1. This was tested (Fig. 8) . The wild type and K121A TSST-1 mutant stimulated comparable chemokine (IL-8) production at comparable doses. Additionally, the response of both was enhanced in the presence of antibodies against CD40.
DISCUSSION
It has been nearly 40 years since menstrual, tampon-associated staphylococcal TSS was identified (29, 30) . In the years following, many advances have been made, including identification of the causative toxin in 1981 (14, 15), named TSST-1 in 1984; 
Schlievert et al.
® demonstration that oxygen was the major required factor introduced by tampons to lead to TSST-1 production (31); and demonstration that TSST-1 functioned as a SAg to cause a cytokine storm with resultant TSS (1, 4, 14) . Despite these major advances, there have been limited studies to clarify (i) why TSST-1 is the only SAg associated with menstrual TSS, when there are more than 20 other described staphylococcal SAgs, and (ii) how TSST-1 penetrates the multilayered vaginal epithelium. Our study was undertaken to shed light on these unresolved questions.
We have now shown that (i) the submucosal vaginal environment is critical to development of menstrual TSS, (ii) TSST-1 binds to CD40 and the downstream consequence of this binding is epithelial cell production of chemokines that attract other components of the adaptive immune system, and (iii) the specificity of TSST-1 for menstrual TSS is in part dependent on higher-affinity interaction with CD40 than other SAgs, such as SEB and SEC.
A major part of the immune system resides in the submucosa, sites where antigenic exposure would have great likelihood. Our current studies, with use of the K121A mutant of TSST-1, which retains wild-type superantigenicity, show that the submucosal environment vaginally is critical to the ability of TSST-1 to cause menstrual TSS. We have previously shown that superantigenicity and ability of TSST-1 to penetrate vaginal mucosae are separable properties, with data indicating participation of the dodecapeptide region in interaction with the mucosa (11, 12) . The human vagina is many cell layers thick, except near the cervix where the epithelium transitions into one cell layer (23) . Many studies have shown that certain tampons, notably those of high absorbency, are associated with TSS (29, 30, 32) . Additionally, other devices used vaginally, such as diaphragms, contraceptive sponges, and more recently menstrual cups, have been associated with menstrual TSS (1). The shared property of all these devices is introduction of air (oxygen) into a normally quite anaerobic environment. Schlievert and colleagues in multiple studies have shown that oxygen is absolutely required for production of TSST-1, the only toxin associated with menstrual TSS cases (31, (33) (34) (35) (36) . TSST-1 has also been shown to be produced vaginally with tampon use (37) . Once produced, TSST-1 must penetrate the vaginal mucosa. Our studies here suggest that TSST-1 binds to CD40 on vaginal epithelial cells with production of chemokines. The result of chemokine production is proinflammation with further disruption of the mucosal barrier due to harmful inflammation, a characteristic of menstrual TSS seen upon autopsy (38) .
Previously, we showed that TSST-1 causes chemokine production from HVECs (18), and we showed that TSST-1 can bind to CD40 (28) . However, until now we have not shown the interaction of TSST-1 with CD40 is functional. Interestingly, too, despite numerous trials we have been unable to demonstrate SEB and SEC binding to CD40. The current study suggests that these other two SAgs, which, with TSST-1, are highly associated with nonmenstrual TSS (39, 40) , have the ability to bind to CD40 since they (i) stimulate chemokine production, albeit at 10-to 50-fold-higher concentrations than TSST-1, and (ii) the CRISPR-Cas9 knockout HVEC line does not respond to SEB with production of chemokines. It is important to mention that the CRISPR-Cas9 knockout HVECs visibly appear to have the same properties as the wild-type HVECs, those of normal epithelial cell appearance and forming partial tight junctions. The observation that we can restore usual chemokine production in the presence of TSST-1, by addition of CD40 to the knockout cells on a plasmid, strongly indicates there is not a secondary effect on other genes. Collectively, our new findings suggest that TSST-1 (and the K121 mutant of TSST-1) stimulates epithelial cells to produce chemokines locally in the vaginal environment through functional interaction with CD40. This interaction is greater than for SEB or SEC, making TSST-1 the only superantigen with enough activity to disrupt the thick mucosal barrier and cause menstrual TSS. This interaction then attracts and activates submucosal, resident T cells and macrophages to result in TSS.
Unlike menstrual TSS, where the SAgs must penetrate a thick mucosal barrier, postinfluenza TSS, likely the most common form of TSS today, is associated with pulmonary infection where SAgs must traverse at most only one epithelial cell lining lung tissue. This likely explains why TSST-1, SEB, and SEC all may be associated with this form of TSS, noting that even in this setting, TSST-1-induced pulmonary TSS remains more common than SEB-and SEC-associated disease (41).
We do not know the significance, if any, of the enhanced chemokine production by SAgs in the presence of antibodies against CD40. However, we have previously suggested that SAgs, devoid of superantigenicity through mutagenesis, may function as adjuvants by amplifying chemokine production in the presence of other antigens (28) . Additionally, such amplification as seen in this study appears to be the result of both SAg and antibody interaction with different parts of the CD40 molecule. We have not mapped those different binding domains. However, we can use this amplification process to study other cell types and their interaction with SAgs.
MATERIALS AND METHODS
Superantigens. TSST-1 was purified from a clone after culture in RN6390 in the presence of erythromycin. RN6390 does not produce detectable SAgs; the strain has the gene only for SE-like X but does not produce detectable protein. SEB was purified from S. aureus strain MNHO, and SEC was purified from strain MNDON. We could not use clones for the SAg production because we are not select agent laboratories with permission to have plasmid clones of wild-type SEs. All SAgs were purified after culture by 80% ethanol precipitation and thin-layer isoelectric focusing. Proteins thus purified were free of contaminants as established by SDS-PAGE and by assays for known exotoxins (proteases, lipase, and cytotoxins) and peptidoglycan and lipopolysaccharide. SAgs were stored lyophilized (TSST-1) or frozen (SEs B and C); the SEs were stored frozen to reduce their biohazards as powders.
Antibodies and ELISA. Monoclonal (catalog number MAB6321) and polyclonal anti-human CD40 (catalog number AFG32 affinity-purified goat IgG) antibodies were purchased from R&D Systems and could be used interchangeably. These antibodies were used undiluted at 20 l/200-l well of volume. Kits (IL-8 and MIP-3␣ Quantikine) for chemokine determination were purchased from R&D Systems, Minneapolis, MN, and used exactly as described by the manufacturer.
Cell lines. HVECs from a premenopausal woman were described previously (18) . HVECs have been observed to function comparably to primary cell lines in expression of surface molecules and in function in tissue culture plates (18) . HVECs were cultured in keratinocyte serum-free medium (KSFM) with antibiotics until 24 h before use. At that time, the cells were changed to KSFM without antibiotics. Experiments were performed for 6 h in KSFM without antibiotics. Most experiments were performed by at least two individuals to ensure reproducibility.
CRISPR-Cas9 knockout cells. CD40 guide RNA sequences were designed using the CRISPR design tool (crispr.mit.edu) (42) maintained by Feng Zhang (MIT, Cambridge, MA). Two double-stranded guide sequences were generated using the following pairs of oligonucleotides (IDT, Coralville, IA): hCD40 ex1A, CAC CGA GGC AGA CGA ACC ATA GCG and AAA CCG CTA TGG TTC GTC TGC CTC; hCD40 ex1B, CAC CGC CTC TGC AGT GCG TCC TCT and AAA CAG AGG ACG CAC TGC AGA GGC.
The hCD40 ex1A and ex1B oligonucleotides were phosphorylated with T4 polynucleotide kinase and annealed as described previously (43) . Phosphorylated double-stranded oligonucleotides were ligated (Quick ligase; NEB) into pX330 Addgene plasmid ID 42230 (44) cut with BbsI and treated with calf intestinal phosphatase. The ligated DNA was used to transform DH5␣ Escherichia coli (Invitrogen). Plasmids were purified from individual bacterial colonies and sequenced (Iowa Institute of Human Genetics, Genomics Division) to verify proper insertion of the guide sequences. HVECs (4 ϫ 10 6 ) were washed and resuspended in 400 l Opti-MEM (Invitrogen) containing 2.5 g hCD40 ex1A plasmid, 2.5 g hCD40 ex1B plasmid, 0.5 g pEGFP-C1 (Clontech), and 5 g synthetic double-stranded oligonucleotide (62 bp, random sequence). Cells were transferred to 4-mm cuvettes for electroporation (200 V, 30 ms; BTX electroporator). Five days after electroporation, cells were stained with anti-human CD40 antibody (G28-5) and an appropriate IPTG-labeled secondary antibody. CD40-negative, GFP-expressing cells were sorted into 96-well plates (1 to 5 cells per well) with a FACSAria Fusion flow cytometer (Becton, Dickinson). Clones were expanded and evaluated for CD40 expression by flow cytometry. As a control for various experiments, one of the CD40-deficient HVEC clones was stably transfected (see electroporation conditions, above) with a plasmid encoding hCD40 (45) . The plasmid was modified to contain a puromycin resistance cassette in place of the original neomycin cassette. Transfectants were selected with puromycin (2 g/ml) in bulk culture. Flow cytometry was used to verify CD40 expression by the resulting line.
Rabbit assays. TSST-1 and the K121A mutant of TSST-1 were tested in vivo using two rabbit models. These models test the ability of SAgs to synergize with lipopolysaccharide (LPS) up to 10 6 -fold, through acceleration of cytokine release; the animals succumb within 48 h whether the superantigen is administered intravenously (i.v.; systemic) or intravaginally (locally) (12, 46) . SAgs, dissolved in phosphatebuffered saline (0.005 M sodium phosphate, pH 7.2, 0.15 M NaCl), were given to young adult American Dutch-belted rabbits (1.0 to 2.0 kg) i.v. (10 to 20 g/ml) or intravaginally (10 g/kg). Toxins given i.v. were administered in the marginal ear veins. Intravaginal administrations of SAgs were made through catheters threaded into the vaginas of rabbits after anesthesia with ketamine (25 mg/kg; Phoenix Pharmaceuticals, Inc., St. Joseph, MO) and xylazine (20 mg/kg; Phoenix Pharmaceuticals, Inc.). Toxins were delivered intravaginally in 0.1-ml volumes. For all conditions, LPS (5 g/kg) isolated from Salmonella enterica serovar Typhimurium was administered i.v. in the marginal ear veins 4 h after the initial superantigen dose, and the rabbits were monitored for 48 h. In agreement with the University of Minnesota IACUC, rabbits that failed to exhibit escape behavior and could not remain upright were considered to have lethal TSS and were euthanized with Beuthanasia D (1 ml/kg; Schering-Plough Animal Health Corp., Union, NJ). We followed an approved University of Minnesota IACUC protocol, in agreement with these requirements.
Statistics. Data are reported as means Ϯ standard deviations. For comparison of animal survival, Fisher's exact probability test was used. For other studies, Student's t test analysis of unpaired evenly distributed data was used to evaluate differences in means. In all studied data, P Ͻ 0.05 was considered significant.
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